Acquired immune deficiency syndrome (AIDS) is a horrible disease that destroys the human immune system (5) . Two groups have reported that AIDS is caused by a retrovirus, human immunodeficiency virus (HIV) (2, 19) . Although a lot of physiological and genetical studies on HIV have been done, a satisfactory treatment for AIDS has not been developed. Owing to the genetic variability of HIV, it is also difficult to develop an effective vaccine against AIDS. Azidothymidine is the sole drug which has been approved for the treatment of AIDS. However, it has a relatively short half-life in vivo and some toxic effects, including anemia and headaches. Recently, 2',3'-dideoxynucleosides such as 2',3'-dideoxycytidine (DDC), 2',3'-dideoxyadenosine (DDA), and 2',3'-dideoxyinosine (DDI), were found to be more effective and less toxic than azidothymidine in vitro (14) . A clinical trial of DDC against AIDS has already been done, but DDC was found to have high toxicity in vivo (32) . Although DDA and DDI were not as potent as DDC against AIDS, they are expected to be less toxic than DDC. Only chemical methods have been developed for synthesizing DDA, such as by a photosensitized electron transfer reaction (22) , reduction of bromoacetate derivatives of adenosine (21) , a base-catalyzed elimination reaction with deoxyadenosine (13) , and electrochemical or radical reduction of adenosine (1, 20) . However, many difficulties prevent the adaptation of these methods for large-scale production of 2',3'-dideoxynucleosides, because they require many steps and expensive reagents. In addition, they have the serious disadvantage of forming unnecessary by-products, such as 2'-or 3 '-deoxynucleosides and the a-anomer of2' ,3 '-dideoxynucleosides.
On the basis of these considerations, we turned our attention to a novel indirect method combining chemical and enzymatic systems and have successfully developed a unique method. The method consists of the following two systems: chemical reduction of uridine to 2',3'-dideoxyuri-* Corresponding author. dine (DDU) by application of the Eastwood olefination reaction (27a), and microbial conversion of DDU to DDA by transdideoxyribosylation (Fig. 1) . The method has the advantage of a simple reaction system without by-products. Several investigations have appeared on transglycosylation, such as transribosylation (6-9, 16-18, 23) , transdeoxyribosylation (3, 6, 11-13, 33, 34) , and transarabinosylation (28, 29) . By applying these reactions, many natural nucleosides and their analogs have been synthesized enzymatically (10, 15, (24) (25) (26) (27) (28) (29) (30) (31) . However, transdideoxyribosylation, which catalyzes the transfer of the dideoxyribosyl group involved in purine or pyrimidine dideoxynucleosides to other bases, has not been reported previously.
In this paper, we describe the results of screening microorganisms producing DDA from DDU and adenine, reaction conditions for DDA production, and their application to the syntheses of other 2',3'-dideoxynucleosides, such as DDI, 2',3'-dideoxyguanosine (DDG) and 2',3'-dideoxythymidine (DDT), by resting cells of Escherichia coli AJ 2595, which was selected as the best producer.
MATERIALS AND METHODS
Chemicals. DDU was chemically synthesized from uridine by a novel and convenient method (27a). Authentic DDA was purchased from P-L Biochemicals. All other chemicals used in this study were commercially available and of analytical grade.
Microorganisms and cultivation. Microorganisms from stock cultures kept in our laboratory were used for screening. A loopful of cells of each microorganism was inoculated into 5 ml of medium (pH 7.0) containing 1% meat extract (Wako Jyunyaku Co. Ltd., Osaka, Japan), 1% Polypepton (Daigo, Osaka, Japan), 0.5% yeast extract (Oriental Yeast, Tokyo, Japan), and 0.5% NaCl and cultivated aerobically at 30°C for 24 h. The cells were then harvested by centrifugation for 10 24 h, 1 ml of the culture was transferred to 50 ml of the same medium in a 500-ml flask, followed by aerobic cultivation at 30°C for 16 h.
Incubation methods. The cells of E. coli AJ 2595 thus cultivated were harvested by centrifugation for 10 min at 10,000 x g at 5°C and rinsed with 50 mM potassium phosphate buffer (pH 7.0). The wet cells obtained were used as the enzyme source. The standard incubation mixture containing 100 mM DDU, 100 mM adenine, 25 mM potassium phosphate buffer (pH 7.0), and resting cells (50 mg/ml, wet weight) was incubated at 500C for 24 h without shaking.
Analytical methods. The incubated mixture was centrifuged at 10,000 x g for 10 min at 5°C, and 1 pl of the supernatant was spotted on the silica gel thin-layer chromatography (TLC) plate (Kieselgel 60 F 254; Merck Co.), developed with a solvent system of t-butanol-methylethylketone-water-ammonium hydroxide (28% wt/vol) (4:3:2:1, by volume), and detected qualitatively by UV light. These were also determined quantitatively by high-pressure liquid chromatography (HPLC) under the following conditions: resin, A-312 ODS (Yamamura Chemical Laboratories Co., Ltd., Kyoto, Japan); column size, 3.9 by 150 mm; solvent, acetonitrile-water (1:9); flow rate, 1.0 ml/min; and detecter, UV monitor (254 nm).
Isolation and identification of reaction products. After 24 h of incubation of the standard mixture (100 ml) at 50°C, the mixture was centrifuged to remove cell debris. The supernatant was concentrated to approximately 2 ml in vacuo and centrifuged again to remove insoluble substances. The reaction product in the concentrate was purified by HPLC under the following conditions: resin, D-ODS-5 (Yamamura Chemical Laboratories Co.); column size, 20 by 250 mm; solvent, acetonitrile-water (1:9); flow rate, 9.9 ml/min; and detector, UV monitor (254 nm). Each DDA or DDI isolated was identified by the nuclear magnetic resonance (NMR) spectrum obtained in D20 with a JNM-GX '400 spectrophotometer (Nihondenshi Co., Ltd., Tokyo, Japan) and was also identified by fast atom bombardment (FAB)-mass spectros- copy with a DX-300 spectrometer (Nihondenshi Co., Ltd.). Elemental assay was performed on a CHN corder MT-3 (Yanagimoto-seisakusho Co., Ltd., Kyoto, Japan).
RESULTS
Screening of DDA-producing microorganisms. A total of 436 strains belonging to 39 genera, selected from our stock cultures, were tested for their ability to produce DDA from DDU and adenine. As shown in Table 1 , 56 strains belonging to 9 genera were found to have DDA-producing ability on the TLC plate (more than 0.2 mM). Among them, 24 of DDA production is shown in Fig. 4 . After 48 h of incubation, 42 mM DDA was produced from 100 mM DDU and 100 mM adenine. In addition, DDI was also produced in high yield by resting cells of E. coli AJ 2595 when adenine was replaced with hypoxanthine in the incubation mixture. Under the same conditions as for DDA production, 32 mM DDI was obtained from 100 mM DDU and 100 mM hypoxanthine after 24 h of incubation (Fig. 4) . Identification of reaction products. Standard incubation mixture (100 ml) was incubated at 50°C for 24 (Fig. 5) . Effect of substrate concentration. The effects of the DDU and adenine concentrations on DDA production were investigated ( Table 2 ). The amount of DDA formed in the incubation mixture increased in proportion to the amount of DDU and adenine added, but the amount of DDA remained Table 3 , adenine was found to be the best donor for DDA production, while nucleosides and nucleotides were poor as donors.
Effect of PEG. The low solubility of adenine in water seemed to be a limiting factor for DDA production. Therefore, polyethylene glycol (PEG; Nakarai Chemicals, Kyoto, Japan) of various average molecular weights was added to the incubation mixture in order to disperse or dissolve 2 a The incubation mixture (5 ml) containing 100 mM DDU, 100 mM each base donor, 25 mM potassium phosphate buffer (pH 7.0), and cells (50 mg/ml, wet weight) was incubated at 50'C for 24 h.
b The amount of DDA produced from DDU and adenine was defined as 100%. adenine in water. As shown in Table 4 , DDA production increased with PEG in the incubation mixture. The highest amount of DDA produced was 52.3 mM when 5% PEG 4000 was added to the incubation mixture, while the amount of DDA produced was 42.7 mM without PEG in the incubation mixture.
Syntheses of various 2',3'-dideoxynucleosides. The syntheses of various 2',3'-dideoxynucleosides from the other 2',3'-dideoxynucleosides such as DDU, DDA, DDI, and DDC and various bases by resting cells of E. coli AJ 2595 was investigated. As shown in Table 5 , DDU, DDA, DDI, DDG, and DDT could be produced from all 2',3'-dideoxynucleosides tested from the corresponding free bases. In particular, production of DDA and DDI was higher than that of the other 2',3'-dideoxynucleosides. However, DDC could not be produced from the 2',3'-dideoxynucleosides tested, although DDC could be used as a substrate.
DISCUSSION
A novel method for producing DDA or DDI from uridine and the corresponding purine bases by a combination of "The incubation mixture containing 100 mM DDU, 100 mM adenine, 25 mM potassium phosphate buffer (pH 7.0), cells (50 mg/ml, wet weight), and the indicated concentrations of PEG of various molecular weights was incubated at 50'C for 48 h. indispensable factor for DDA production. In addition, DDA was produced in high yield when adenine was used as a base donor, while DDA was hardly produced when nucleosides and nucleotides were used as base donors. This fact suggests that the mechanism of DDA production may be similar to that of transglycosylations reported by Ott et al. (16) (17) (18) . Judging from these observations, the conversion of DDU to DDA seemed to consist of a two-step reaction, involving two kinds of nucleoside phosphorylases, presumably with dideoxyribose 1-phosphate as an intermediate.
The NMR spectrum of DDA produced by E. coli AJ 2595 showed the same pattern as that of authentic DDA, with the 3-configuration on the anomeric center. This result suggests that the regional specificity of the enzyme catalyzing transdideoxyribosylation involved in E. coli AJ 2595 must be n-specific.
The addition of PEG to the incubation mixture improved production of DDA. This may be due to better dispersion or dissolution of adenine in the incubation mixture. Moreover, PEG may also disturb the membrane structure of E. coli and promote transport of DDU or adenine into cells. Further examination will be required to confirm these hypotheses.
DDC was not produced from DDU and cytosine. This suggests that cytosine may not be recognized as a substrate by the enzyme phosphorolyzing pyrimidine dideoxynucleosides, or that DDU may be produced through the deamination of cytosine to uracil. In fact, AJ 2595 exhibited cytosine-deaminating activity. On the other hand, the various 2',3'-dideoxynucleosides were produced from DDC and the corresponding bases. This may be due to the condensation of DDU formed by the deamination of DDC and the bases. In fact, AJ 2595 exhibited cytidine-deaminating activity. As 
